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Measurement of theW boson mass
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We present a measurement of #vboson mass using data collected by the DO experiment at the Fermilab
Tevatron during 1994—-1995. We identi¥y bosons by their decays &v final states. We extract th& mass
My by fitting the transverse mass and transverse electron momentum spectra from a sample ofA28 323
—ev decay candidates. We use a sample of 3563 dielectron events, mostly duectedecays, to constrain
our model of the detector response. From the transverse mass fit we meaddye
=80.44+0.1Qsta)=0.07sysh GeV. Combining this with our previously published result from data taken in
1992-1993, we obtaiM,y=80.43+0.11 GeV.[S0556-282(198)03519-X

PACS numbgs): 14.70.Fm, 12.15.Ji, 13.38.Be, 13.85.Qk

[. INTRODUCTION tions at the CERNpp collider. Together with the discovery

of the Z boson in the same yed6,7], it provided direct
In this article we describe the most precise measuremenjonfirmation of the unified model of weak and electromag-
to date of the mass of thé&/ boson, using data collected in netic interactiong8], which—together with QCD—is now
1994-1995 with the DO detector at the Fermilab Tevatrorcalled the standard model.

pp collider [1-3]. Since theW andZ bosons are carriers of the weak force,
The study of the properties of th® boson began in 1983 their properties are intimately coupled to the structure of the
with its discovery by the UAT4] and UA2[5] Collabora- model. The properties of the boson have been studied in
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FIG. 1. Loop diagrams contributing to ttW boson mass. d u/d
FIG. 2. Lowest-order diagrams fa¥ andZ boson production.

great detail ine" e~ collisions[9]. The study of thaV boson

has proved to be significantly more difficult, since it is up to a 200 MeV uncertainty due to the unknown Higgs
charged and therefore cannot be resonantly produced ilgoson mass. By comparing with the measured value ofthe
e’e” collisions. Until recently its direct study has therefore boson mass., we can constrain the mass of the Higgs boson,
been the realm of experiments @p colliders, which have the agent of the electroweak symmetry breaking that has up
performed the most precise direct measurements oMhe i, 1, ejyded experimental detection. A discrepancy with
boson mas$10-12. Direct measurements of 4/ boson the range allowed by the standard model could indicate new

[nss; q%velalso _been carried out at .the Cd@*"';&‘* coAII|der physics. The experimental challenge is thus to measure the
[13—16 using nonresonatW/ pair production. A sum-  \y/h550n mass to sufficient precision, about 0.1%, to be sen-
mary of these measurements can be found in Table XV at thgitive to these corrections

end of this article.
The standard model links th&' boson mass to other pa-

rameters: Il. OVERVIEW
1/2 .
_( TA ) 1 o A. Conventions
W V2Gg sin Oy1—Ar We use a Cartesian coordinate system with thaxis
defined by the direction of the proton beam, fhaxis point-
in the “on-shell” schemg17], ing radially out of the Tevatron ring, and tlyeaxis pointing
M up. A vectorp is then defined in terms of its projections on
coS 9W=—W, ) these three axeg,, py, andp,. Since protons and antipro-
Mz tons in the Tevatron are unpolarized, all physical processes

. . . . . areinvariant with respect to rotations around the beam direc-
whered, is the weak mixing angle. Aside from the radiative (o |t s therefore convenient to use a cylindrical coordinate

correctionsAr, the W boson mass is thus determined by gysiem, in which the same vector is given by the magnitude
three precisely measured quantities, the mass oZtheson s s component transverse to the beam directjop, its

Mz [9], the Fermi constar [18],2and2the e!ectromagnetic azimuthe, andp, . In pp collisions the center-of-mass frame
coupling constantr evaluated aQ“=Mz [19]: of the parton-parton collisions is approximately at rest in the
plane transverse to the beam direction, but has an undeter-

Mz=91.1867-0.0020 GeV, ®) mined motion along the beam direction. Therefore the plane
. 5 2 transverse to the beam direction is of special importance, and
Gr=(1.1663%0.00003x107> GeV™, @) sometimes we work with two-dimensional vectors defined in
= (128.896-0.090 L. () thex-y plane. They are written with a subscripte.g.,pr.

We also use spherical coordinates by replagigvith the

From the measured/ boson mass, we can derive the size Ofcplatitudee or th(_e pseudorapid_ityz= —Intan(@2). The ori-
the radiative correctionar. Within the framework of the 9N of the coordinate system is in general the reconstructed

standard model, these corrections are dominated by |oo&osition of thep p interaction when describing the interaction
involving the top quark and the Higgs bos¢see Fig. 1 and the geometrical center of the detector when describing

The correction from théb loop is substantial because of the t_he detector. For convenience, we use units in witiet
large mass difference between the two quarks. It is propor-
tional to mt2 for large values of the top quark mass. Since
m, has been measurg@0], this contribution can be calcu-
lated within the standard model. For a large Higgs boson In pp collisions at+/s=1.8 TeV, W and Z bosons are
massmy , the correction from the Higgs loop is proportional produced predominantly through quark-antiquark annihila-
to Inmy. In extensions to the standard model, new particlegion. Figure 2 shows the lowest-order diagrams. The quarks
may give rise to additional corrections to the valuehby, . in the initial state may radiate gluons, which are usually very
In the minimal supersymmetric extension of the standardsoft, but may sometimes be energetic enough to give rise to
model (MSSM), for example, additional corrections can in- hadron jets in the detector. In the reaction the initial proton
crease the predicted/ mass by up to 250 MeV21]. and antiproton break up and the fragments hadronize. We
A measurement of thé&/ boson mass therefore constitutes refer to everything except the vector boson and its decay
a test of the standard model. In conjunction with a measureproducts collectively as the underlying event. Since the ini-
ment of the top quark mass, the standard model preMigis tial proton and antiproton momentum vectors add to zero, the

B. W and Z boson production and decay
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same must be true for the vector sum of all final-state mo-

menta, and therefore the vector boson recoils against all par-
ticles in the underlying event. The sum of the transverse
momenta of the recoiling particles must balance the trans-
verse momentum of the boson, which is typically small com-

pared to its mass, but has a long tail to large values.

We identifyW andZ bosons by their leptonic decays. The
DO detector(Sec. Il is best suited for a precision measure-
ment of electrons and positrohgnd we therefore use the
decay channeW—ev to measure theN boson massZ
—eedecays serve as an important calibration sample. About
11% of theW bosons decay tev, and about 3.3% of th&
bosons decay tee The leptons typically have transverse
momenta of about half the mass of the decaying boson and

dN/dm,,

are well isolated from other large energy deposits in the calo- 55 60 65 85 00 05
rimeter. Intermediate vector boson decays are the dominant (GeV)
source of isolated higp+ leptons at the Tevatron, and there- Ty

fore these decays allow us to select a clean sampl¥ afd

Z boson decays. FIG. 3. m; spectrum foW bosons withg;=0 (solid ling), with

the correctgy distribution (@), and with detector resolutions

C. Event characteristics (shaded arga

In events due to the procepp— (W—ev) +X, whereX For recent measuremerjts0—17 the transverse mass
stands for the underlying event, we detect the electron and all
particles recoiling against th&/ with pseudorapidity—4 mr=2pr(e)pr(v){1—cog ¢(e)— ¢(v)]} (6)

< 7p<4. The neutrino escapes undetected. In the calorimeter

we cannot resolve individual recoil particles, but we measuravas used. This variable has the advantage that its spectrum is
their energies summed over detector segments. Recoil parelatively insensitive to the production dynamics of the
ticles with |7|>4 escape unmeasured through the beanCorrections tom; due to the motion of th&V are of order
pipe, possibly carrying away substantial momentum alongq;/M,y)?, whereq is the transverse momentum of tié

the beam direction. This means that we cannot measure thgson. It is also insensitive to selection biases that prefer
sum of thez components of the recoil momenta,, pre-  certain event topologieSec. VI Q. However, it makes use
cisely. Since these particles escape at a very small angle Wit the inferred neutring; and is therefore sensitive to the
respect to the beam, their transverse momenta are typicalpssponse of the detector to the recoil particles.

small and can be neglected in the sum of the transverse recoil The electronp; spectrum provides an alternative mea-

momenta,lr. We measuraiy by summing the observed g, rament of thaV mass. It is measured with better resolution
energy flow vectorially over all detector segments. Thus W&han the neutring- and is insensitive to the recoil momen-

;:‘J?grc;eetnr;em[(—:;ﬁce)nsltélégté?]n rﬁ;ﬁq\;?/ Lﬁcﬂaer)]dellcri]ztg event to a Meg;, measurement. However, its shape is sensitive to the mo-
T jon of the W and receives corrections of ordgy /M,y . It

Since the neutrino escapes undetected, the sum of all mer%—us requires a better understanding of Widoson produc-
sured final-state transverse momenta does not add to zero. quire 9 P
tion dynamics than then; spectrum.

The missing transverse momentyim, required to balance The m; and po(e) spectra thus provide us with two

the transverse momentum sum, is a measure of the transverggm lementary measurements. This is illustrated in Eias. 3
momentum of the neutrino. The neutrino momentum compo- P y X gs.

nent along the beam direction cannot be determined, becaugﬁg frr;ewgéigcigf\;\é;g?uggﬁgtoorj IE: ;r;}c;tloenooffégﬁgoosfotr;]se O
u, is not measured well. The signature of\&—ev decay is P

therefore an isolated higby electron and large missing Zl;?c():rtéaihzhge?ggg r“r;iemzrllz:t\il\c/)sn tgr? ds\r/]v?qaez(())f t?ﬁedls;ir:igtlon
transverse momentum. : P

In the case oZ— ee decays the signature consists of two show the shape afteiy is added to the system, and the

. . ts.haded histogram also includes the detector simulation. We
isolated highpt electrons and we measure the momenta of bserve that the shape of the, spectrum is dominated by
both leptonsfi(ey) andp(e), anddy in the detector. detector resolutions and the shape of ph¢e) spectrum by

the motion of thew. By performing the measurement using

) ) both spectra, we provide a powerful cross-check with
Since p,(v) is unknown, we cannot reconstruct tee complementary systematics.

invariant mass folW—ev candidate events and therefore Both spectra are equally sensitive to the electron energy

must resort to other kinematic variables for the mass megggponse of the detector. We calibrate this response by forc-
surement. ing the observed dielectron mass peak in Zhe ee sample
to agree with the knowZ mass[9] (Sec. V). This means
that we effectively measure the ratio W and Z masses,
!In the following we use “electron” generically for both electrons which is equivalent to a measurement of ianass because
and positrons. the Z mass is known precisely.

D. Mass measurement strategy
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FIG. 5. Cutaway view of the DO calorimeter and tracking sys-

FIG. 4. pt(e) spectrum forW bosons withqr=0 (solid line), tem.

with the correctqy distribution (@), and with detector resolutions

(shaded arga protons for antiproton production during collider operation.

. Since the Main Ring beam pipe passes through the outer
To carry out these measurements we perform a maximun@ection of the DO calorimeter, passing proton bunches give

likelihood fit to the spectra. Since the shape of the spectrgise to backgrounds in the detector. We eliminate this back-

including all the experimental effects, cannot be computedyqng ysing timing cuts based on the accelerator clock sig-
analytically, we need a Monte Carlo simulation program that; 5

can predict the shape of the spectra as a function oihe
mass. To perform a measurement of Wemass to a preci-
sion of order 100 MeV, we have to estimate individual sys-
tematic effects to 10 MeV. This requires a Monte Carlo
sample of 2.5 10° acceptedV bosons for each such effect.
The program therefore must be capable of generating Iarg((;e
samples in a reasonable time. We achieve the required peg;
formance by employing a parametrized model of the detectotrh
response.

We next summarize the aspects of the accelerator and
detector that are important for our measurem@sgc. IlI).
Then we describe the data selecti@ec. IV) and the fast The central detector is designed to measure the trajecto-
Monte Carlo modelSec. V). Most parameters in the model ries of charged particles. It consists of a vertex drift chamber,
are determined from our data. We describe the determinatioa transition radiation detector, a central drift cham({@zpC),
of the various components of the Monte Carlo model in Secsand two forward drift chamberd=DCs. There is no central
VI-IX. After tuning the model we fit the kinematic spectra magnetic field. The CDC covers the regipm <1.0. It is a

B. Detector
1. Overview

The DO detector consists of three major subsystems: a
ntral detector, a calorimeté¥ig. 5), and a muon spectrom-
er. It is described in detail in Ref23]. We describe only

e features that are most important for this measurement.

2. Central detector

(Sec. X, perform some consistency chect&ec. X)), and
discuss the systematic uncertainti&gc. Xll). Section XIlI
summarizes the results and presents the conclusions.

I1l. EXPERIMENTAL SETUP
A. Accelerator

The Fermilab Tevatrof22] collides proton and antipro-
ton beams at a center-of-mass energy/sf=1.8 TeV. Six

jet-type drift chamber with delay lines to give the hit coor-
dinates in ther-z plane. The(FDCs cover the region 1.4
<|7y|<3.0.

3. Calorimeter

The calorimeter is the most important part of the detector
for this measurement. It is a sampling calorimeter and uses
uranium absorber plates and liquid argon as the active me-
dium. It is divided into three parts: a central calorimeter

bunches each of protons and antiprotons circulate around tH€C) and two end calorimetef&Cs9, each housed in its own
ring in opposite directions. Bunches cross at the intersectionryostat. Each is segmented into an electromagr(&id)
regions every 3.us. During the 1994-1995 running period, section, a fine hadroniFH) section, and a coarse hadronic

the accelerator reached a peak

luminosity of 2.5CH) section, with increasingly coarser sampling. The

X 10 cm 2s ! and delivered an integrated luminosity of CC-EM section is constructed of 32 azimuthal modules. The

about 100 pb™.

entire calorimeter is divided into about 5000 pseudoprojec-

The Tevatron tunnel also houses a 150 GeV proton syrtive towers, each covering 0<0.1 in X ¢. The EM sec-

chrotron, called the Main Ring, which is used as an injectoition is segmented into four layers, 2, 2, 7, and 10 radiation
for the Tevatron. The Main Ring also serves to acceleratéengths thick. The third layer, in which electromagnetic
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FIG. 8. Percentage change in the central calorimeter gains over
the course of the run.

V0720 0 20 a0 60

ADC counts the rms of the pedestal distribution are read out. This region
FIG. 6. Pedestal spectrum of a central calorimeter cell, wherd®f the pedestal spectrum is indicated by the shaded region in
the mean pedestal has been subtracted. The shaded region is fhig. 6. Because of its asymmetry, the spectrum does not
events removed by the zero suppression. average to zero after zero suppression. Thus the zero sup-
pression effectively causes a pedestal shift.
showers typically reach their maximum, is transversely seg- The liquid argon has unit gain, and therefore the calorim-
mented into cells covering 0.650.05 in 7X ¢. The had- €ter response was extremely stable during the entire run. Fig-
ronic section is segmented into four lay&@C) or five lay-  ure 7 shows the response of the liquid argon as monitored
ers (EC). The entire calorimeter is 7—9 nuclear interactionWith radioactive sources af and g particles. Figures 8 and
lengths thick. There are no projective cracks in the calorim9 show the gains and pedestals of a typical readout channel
eter, and it provides hermetic and almost uniform coveragéhroughout the run.
for particles with| 7| <4. Figure 5 shows a view of the calo- ~ The EM calorimeter provides a measurement of energy
rimeter and the central detector. and position of the electrons from ti¢ andZ decays. Be-
The signals from arrays of'22 calorimeter towers, cov- Cause of the fine segmentation of the third layer, we can
ering 0.2<0.2 in X ¢, are added together electronically for measure the position of the shower centroid with a precision
the EM section only and for all sections, and shaped with £f 2.5 mm in the azimuthal direction and 1 cm in the
fast rise time for use in the level 1 trigger. We refer to thesedirection. .
arrays of 2<2 calorimeter towers as “trigger towers.” - We study the response of the EM calorimeter to electrons
Figure 6 shows the pedestal spectrum of a calorimetel? beam test§24]. To reconstruct the electron energy we add
cell. The spectrum has an asymmetric tail from ionizationthe signalsa; observed in each EM layef£1, . ..,4) and
caused by the intrinsic radioactivity of the uranium absorbethe first FH layer {=5) of an array of X5 calorimeter
plates. The data are corrected such that the mean pedestaf@svers, centered on the most energetic tower, weighted by a
zero for each cell. To reduce the amount of data that have tyer dependent sampling weigt
be stored, the calorimeter readout is zero suppressed. Only

. . . . 5
cells with a signal that deviates from zero by more than twice

E=A21 sia— Sgy - 7
o L B source
ggﬁ: L + } To determine the sampling weights, we minimize
S olivdhmintntitwety § # .
Roozf ¢ - ' n
-0.04

[
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f—
T
i
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1
i
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FIG. 7. Response of the liquid argon in the central calorimeter FIG. 9. Change in the central calorimeter pedestals over the
as monitored byr and 8 sources. course of the run.
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FIG. 10. Fractional deviation of the reconstructed electron en-teStS of a CC-EM madule for the dat@) and the parametrization

ergy from the beam momentum from beam tests of a CC-EM mod-(SOIIOI ling).

ule.
mined with a resolution of 3 cm from the time difference

between the hits on the two sides of the detector for use in

x2= 2 (pﬁﬁ, (8)  thelevel 2 trigger. This array_is aIS()__gaIIed thg Ie_vel 0 trigger
TEMm because the detection of an inelagtjzinteraction is a basic

) ) requirement of most trigger conditions.
where the sum runs over all events ang, is the resolution

given in Eqg.(9). We obtainA=2.96 MeV/analogue to digital 5. Trigger
converter (ADC) count, dgy=—347 MeV, s,=1.31, s, , ,
~0.85,5,=0.98, andss=1.84. We arbitrarily fixs;=1. The Readout of the detector is controlled by a two-level trig-

r system.

value of 8z depends on the amount of dead material in front9 . .
em 0P Level 1 consists of an and/or network, which can be pro-

of the calorimeter. The parametess—s, weight the four . L
EM layers andss the first FH layer. Figure 10 shows the grammed to trigger on @p crossing in a number of prese-

fractional deviation of as a function of the beam momen- lected conditions are true. The level 1 trigger decision is

tUM Ppeary Above 10 GeV they deviate by less than 0_3%taken within the 3.5us time_ interval between crossings. As
from each other an extension to level 1, a trigger procesflevel 1.5 may be

The fractional energy resolution can be parametrized as quked to execute S|mp!e algorithms on the limited infor-
function of electron energy using constant, sampling, andnation available at the time of a level 1 accept. For e'?c'
noise terms as trons, the processor uses the energy deposits in each trigger
tower as inputs. The detector cannot accept any triggers until
2 2 2 the level 1.5 processor completes execution and accepts or
(@) —c2 + SE_M) +<nﬂ) (9)  rejects the event.
E M\ JEsing E ) Level 2 of the trigger consists of a farm of 48 VAXstation
4000’s. At this level the complete event is available. More
with cgy=0.003, sgy=0.135 GeW? [25,26, and ngy  sophisticated algorithms refine the trigger decisions, and
=0.43 GeV in the central calorimeter. The anglds the events are accepted based on preprogrammed conditions.
colatitude of the electron. Figure 11 shows the fractionalEvents accepted by level 2 are written to magnetic tape for
electron energy resolution versus beam momentum for aff-line reconstruction.
CC-EM module. The line shows the parametrization of the
resolution from Eq(9). IV. DATA SELECTION
4. Luminosity monitor A. Trigger
Two arrays of scintillator hodoscopes, mounted in front of The conditions required at trigger level 1 fav and Z
the EC cryostats, register hits with a 220 ps time resolutioncandidates are the following.
They serve to detect that an inelagtip interaction has taken pﬁinterac_tion Level 0 hodoscopes register hits consis-
place. The particles from the breakup of the proton give riseent with app interaction. This condition accepts 98.6% of
to hits in the hodoscopes on one side of the detector that amdl W andZ bosons produced.
tightly clustered in time. The detector has a 91% acceptance Main Ring veto.No Main Ring proton bunch passes

for inelasticpp interactions. For events with a single inter- through the detector less than 800 ns before or aftepfhe
action, the location of the interaction vertex can be detercrossing, and no protons were injected into the Main Ring
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. . . FIG. 13. Efficiency of a 15 GeV level §; requirement. The
FIG. 12. Relative efficiency of the level 2 electron filter for a arrow indicates the cut applied in the final event selection.

threshold of 20 GeV. The arrow indicates the cut applied in the final

event selection. . -
shows the measured relative efficiency of the level 2 electron

filter versus electrop for a level 2pt threshold of 20 GeV.
We determine this efficiency usinfydata taken with a lower
threshold valug16 GeV). The efficiency is the fraction of
electrons above a level2; threshold of 20 GeV. The curve
is the parametrization used in the fast Monte Carlo simula-

less than 400 ms before tipgp crossing.

EM trigger towers.There are one or more EM trigger
towers withE sin 6>T, whereE is the energy measured in
the tower, 6 its angle with the beam measured from the cen
ter of the detector, and a programmable threshold. This
requirement is fully efficient for electrons with>2T.

The level 1.5 processor recomputes the transverse ele
tron energy by adding the adjacent EM trigger tower with the
largest signal to the EM trigger tower that exceeded the leve

1 threshold. In addition, the signal in the EM trigger towerge[‘vel 2 b, condition. Figure 13 shows the measured effi-

that exceeded the level 1 threshold must constitute at lea . o
85% of the signal registered in this tower if the hadronic©'€N¢Y versupq(v). The curve is the parametrization used

layers are also included. This EM fraction requirement is" the fast Monte Carlo simulation.
fully efficient for electron candidates that pass our off-line
selection(Sec. IV D. B. Reconstruction
Level 2 uses the EM trigger tower that exceeded the level
1 threshold as a starting point. The level 2 algorithm finds
the most energetic of the four calorimeter towers that make We identify electrons as clusters of adjacent calorimeter
up the trigger tower and sums the energy in the EM section§ells with significant energy deposits. Only clusters with at
of a 3x 3 array of calorimeter towers around it. It checks theleast 90% of their energy in the EM section and at least 60%
longitudinal shower shape by applying cuts on the fraction oPf their energy in the most energetic calorimeter tower are
the energy in the different EM layers. The transverse showegonsidered as electron candidates. For most electrons we also
shape is characterized by the energy deposition pattern in tHgconstruct a track in the CDC or FDC that points towards
third EM layer. The difference between the energies in conthe centroid of the cluster.

_ Level 2 also computes the missing transverse momentum
ased on the energy registered in each calorimeter cell and
he vertexz position. We determine the efficiency curve for a
5 GeV level 2p; requirement from data taken without the

1. Electron

centric regions covering 0.260.25 and 0.1%0.15 in 7 We compute the electron energye) from the signals in
X ¢ must be consistent with an electron. Level 2 also im-all cells of the EM layers and the first FH layer in a window
poses an isolation condition requiring covering 0.5¢0.5 in X ¢ and centered on the tower which
registered the highest fraction of the electron energy. In the
2iEisin ¢ —p7 computation we use the sampling weights and calibration
pr <0.15, (10 constants determined using the test beam (B¢. 111 B 3

except for the offsetsgy,, which we take from an in situ

where the sum runs over all cells within a cone of radus calibration(Sec. VI D), i.e., Sgpy=—0.16 GeV for electrons
= JA¢?+ A 7%=0.4 around the electron direction apgis  in the CC.
the transverse momentum of the electfa]. The calorimeter shower centroid positi®.., Year, Zca)s

The pt of the electron computed at level 2 is based on itsthe center of gravity of the trackyy, Yuk, Zw), and the
energy and the position of the interaction vertex measured proton beam trajectory define the electron direction. The
by the level 0 hodoscopes. Level 2 accepts events that havesaower centroid algorithm is documented in Appendix B.
minimum number of EM clusters that satisfy the shape cutd'he center of gravity of the CDC track is defined by the
and havep; above a preprogrammed threshold. Figure 12mean hit coordinates of all the delay line hits on the track.
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The calibration of the measuredcoordinates contributes a
significant systematic uncertainty to tiiéboson mass mea-
surement and is described in Appendixes A and B. Using
tracks from many events reconstructed in the vertex drift
chamber, we measure the beam trajectory for every run. The
closest approach to the beam trajectory of the line through
shower centroid and track center of gravity defines the posi-
tion of the interaction verteXxy, Yux. Zw)- IN Z—ee
events we may have two electron candidates with tracks. In
this case we take the point midway between the vertex posi-
tions determined from each electron as the interaction vertex.
Using only the electron track to determine the position of the ) )
interaction vertex, rather than all tracks in the event, makes F!G- 14. lllustration of momentum vectors in the transverse
the resolution of this measurement less sensitive to the |ump!ane forZ—eecandidates. The vectors drawn with thick lines are
nosity and avoids confusion between vertices in events wittfirectly measured.

more than ongp interaction. . o
' . . follow the conventions first introduced by UA20] and call
We then define the azimuth(e) and the colatitude(e) the axis along the inner bisector of the two electrons #he

giftitct]nesfalectron using the vertex and the shower centroid IOOélxis and the axis perpendicular to that thaxis. Projections

on these axes are denoted with subscriptar & Figure 14
illustrates these definitions.

Yea™ Yt .
tan ¢(e)= ﬁ (11 In case ofW—ev decays we define the transverse neu-
cal “vix trino momentum
2 2 2 2
X2 Y2~ Xty 2 (V= —B(e)— i
tan 6(e) = cal™ Yeal Y pr(v) pr(e)— Ut a7
Zeal— Zyx

(12 and the transverse maggq. (6)]. Useful quantities are the
projection of the transverse recoil momentum on the electron
Neglecting the electron mass, the momentum of the electrodirection,

is given by )
' u; = Us- pr(e), (18
sin #(e)cos ¢(e)
p(e)=E(e)| sin d(e)sin ¢(e) |. (13) and the projection on the direction perpendicular to the elec-
cosé(e) tron direction,
2. Recoil u, =Ur-[pr(e)xz]. (19

We reconstruct the transverse momentum of all particle§igure 15 illustrates these definitions.
recoiling against th&V or Z boson by taking the vector sum
C. Electron identification

, (14 1. Fiducial cuts

To ensure a uniform response we accept only electron
where the sum runs over all calorimeter cells that were readandidates that are well separated in the azinjiii) from
out, except those that belong to electron clustEfsare the the calorimeter module boundaries in the CC-EM section
cell energies, ang; and g; are the azimuth and colatitude of
the center of cell with respect to the interaction vertex.

COS ¢;
Sin ¢;

GT: 2| EiSin Gi

3. Derived quantities

In the case ofZ—ee decays, we define the dielectron
momentum

p(ee)=p(e;)+p(ey) (19

. . . :";‘_)
and the dielectron invariant mass (V)

m(ee)=2E(e;)E(e,)(1—cosw), (16)
wherew is the opening angle between the two electrons. Itis FIG. 15. Illustration of momentum vectors in the transverse

useful to define a coordinate system in the plane transversgane forW— ev candidates. The vectors drawn with thick lines are
to the beam that depends only on the electron directions. Weirectly measured.
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and from the edges of the calorimeter by cutting/of and
Z.a- We also remove electrons for which teposition of
the track center of gravity is near the edge of the CDC. Fo

electrons in the EC-EM section we cut on the index of the

most energetic tower,,. Tower 15 covers 1.4 »<<1.5 with
respect to the detector center, and tower 25 covers: 2.4
<2.5.

2. Quality variables

We test how well the shape of a cluster agrees with that
expected for an electromagnetic shower by computing a

quality variable §?) for all cell energies using a 41-

dimensional covariance matrix. The covariance matrix was

determined fronGEANT [28] based simulationg29].
To determine how well a track matches a cluster, we ex

trapolate the track to the third EM layer in the calorimeter

and compute the distance between the extrapolated track a
the cluster centroid in the azimuthal directidrs, and in the
z direction,Az. The variable

2 2

5

guantifies the quality of the match. In the EC-EM sectias
replaced by, the radial distance from the center of the de-
tector. The parameterds=0.25cm, §z=2.1 cm, andér
=1.0 cm are the resolutions with whighs, Az, andAr are
measured, as determined with the electrons filim ev de-
cays.

As
s

Az
5z

2 _
O™

(20

In the EC, electrons must have a matched track in the

forward drift chamber. In the CC, we define “tight” and
“loose” criteria. The tight criteria require a matched track in

the CDC. The loose criteria do not require a matched track

and help increase the electron finding efficiency Zeree
decays.
The isolation fraction is defined as

Econe_ Ecore

1:iso_ (21)

Ecore

where E . iS the energy in a cone of radiu®
=JA¢*+A7?=0.4 around the direction of the electron
summed over the entire depth of the calorimeter Bpg, is
the energy in a cone d®=0.2, summed over the EM calo-
rimeter only.

Figure 16 shows the distributions of the three quality var
ables for electrons in the CC with the arrow showing the cu
values. Table | summarizes the electron selection criteria.

D. Data samples

The data were taken during the 1994—-1995 Tevatron run-
After the removal of runs in which parts of the detector wereFiducial cuts
not operating adequately, they amount to an integrated lumi-

nosity of about 82 pb'. We selectW decay candidates by
requiring the following.
level 1: pp interaction
Main Ring veto

5
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nd FIG. 16. Distributions of the electron identification variables.
The arrows indicate the cut values.

level 1.5: =1 EM cluster above 15 GeV

level 2: electron candidate withy>20 GeV
momentum imbalancg;>15 GeV

=1 tight electron candidate in the CC
pr(e)>25 GeV

pr(v)>25 GeV

ur<15 GeV

off line:

We selectZ decay candidates by requiring the following.

level 1: pp interaction

=2 EM trigger towers above 7 GeV
level 1.5: =1 EM cluster above 10 GeV
level 2: =2 electron candidates with;>20 GeV
off line: =2 electron candidates

pr(e)>25 GeV

70<m(eg) <110 GeV
We acceptZ— ee decays with at least one electron can-
didate in the CC and the other in the CC or EC. One CC
candidate must pass the tight electron selection criteria. If the
other candidate is also in the CC, it may pass only the loose
criteria. We use the 2179 events with both electrons in the
CC (CC/CCZ sample to calibrate the calorimeter response
to electrongSec. V). These events need not pass the Main
Ring veto cut because Main Ring background does not affect
the EM calorimeter. The 2341 events for which both elec-
trons have tracks and which pass the Main Ring veto
(CC/CCH+EC Z sample serve to calibrate the recoil momen-
fum response(Sec. VI)). Table Il summarizes the data
amples.

TABLE I. Electron selection criteria.

Variable CC(loose CC (tight) EC (tight)
|A ¢|>0.02 |A ¢|>0.02
|Zcal <108 Cm  |zgo|<108cm  15<]i,|<25
|z <80 cm
Shower shape  x?<100 x2><100 x2<100
Isolation fiso<<0.15 fiso<<0.15 fiso<<0.15
Track match on<5 on<10

EM trigger tower above 10 GeV
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TABLE Il. Number of W andZ candidate events. d3o d?o ‘
vy ~T (22)
Channel Z—ee W-ev dardydQ qudy‘ Q2=MZ dQ
Fiducial region of electrons CC/CC CC/CC CC/EC CcC
e quality (t=tight, I=loose  t/I t/t t/t t to generateyy, y, andQ of the bosons.

For pp collisions, the vector boson production cross sec-
tion is given by the parton cross sectf&nj convoluted with
the parton distribution function(x,Q?) and summed over
parton flavors,j:

Pass Main Ring veto 537 1225 1116 28323
Fail Main Ring veto 107 310 268

Figure 17 shows the luminosity of the colliding beams d20
during theW and Z data collection. —— = dxlf dx,fi(x1,Q%)f;(x2,Q%)
On several occasions we use a sample of 295 000 random dardy %7

pp interaction events for calibration purposes. We collected d25 -
these data concurrently with th# andZ signal data, requir- X 8(8¥XX,— Q%) = - (23
ing only app interaction at level 1. We refer to these data as dardy

“minimum bias events.” ) )
Several author$30,31] have computedl a/qudy|Qz:M\2N
using a perturbative calculatidi32] for the highg; regime
V. FAST MONTE CARLO MODEL and the Collins-Soper resummation formali§88,34 for
A. Overview the low-q regime. We use the code provided by the authors
) . of Ref. [30] and the Martin-Roberts-Sterling set’A
The fast Monte Carlo_model consists of three parts. F'rSEMRSA’) parton distribution function§35] to compute the
we simulate the production of th& or Z boson by generat- . j<s section. We evaluate E@3) separately for interac-

'?}9 the bolion r:our-mp.mentfuir: and other charactenstlcr? ions involving at least one valence quark and for interac-
the event like thez position of the interaction vertex and the ionc involving two sea quarks.

luminosity. The event luminosity is required for luminosity- 1,4 parton cross section is given by
dependent parametrizations in the detector simulation. Then

we simulate the decay of the boson. At this point we know 42z To o

the truep+ of the boson and the momenta of its decay prod- ——=— { J d?b €9TP.W(b)xe S+Y{, (24
ucts. We then apply a parametrized detector model to these dordy 4ms

momenta in order to simulate the observed transverse recoil

momentum and the observed electron momenta where o is the tree-level cross sectios, is the parton
center-of-mass energy, ard is the impact parameter in

transverse momentum spat®é.andY are perturbative terms,

] ] ) and S parametrizes the nonperturbative physics. In the nota-
In order to specify completely the production dynamics oftjon of Ref.[30],

vector bosons ipp collisions, we need to know the differ-

ential production cross section in ma&s rapidity y, and

transverse momenturg; of the producedwW bosons. To S=
speed up the event generation, we factorize this into

B. Vector boson production

b%+g;95In(100¢;x,)b,  (25)

Q
9:1+092 In(Z_Qo

whereQ, is a cutoff parameter angd, andx, are the mo-
mentum fractions of the initial state partons. The parameters
Jf 01, 9», andgs have to be determined experimentalfec.

VI ).

We use a Breit-Wigner curve with mass-dependent width
for the line shape of th&/ boson. The intrinsic width of the
Wis I'\y=2.062+ 0.059 GeV[36]. The line shape is skewed
due to the momentum distribution of the quarks inside the
proton and antiproton. The mass spectrum is given by

g

number of events
[
g 8

400 -
| do _r Q? 26
200 aQ ‘) gm0
+
R VIR We call
luminosity (10*cm’”s™) 20 (v dx

r _cx f — £i(x,Q)f;(Q¥sx,Q?

FIG. 17. Luminosity distribution of th&V (solid line) and theZ Q) S 'EJ Qs X PRE v
(@) samples. 2
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TABLE Ill. Parton luminosity slope8 and fraction of sea-sea W g a w
interactionsfg in the W and Z production model. The3 value is §) . < _() §) »; > < _()
given for W—ev decays with the electron in the CC and dr b b p p

—ee decays with both electrons in the CC. _
FIG. 18. Polarization of th&V produced inpp collisions if the

W production quark comes from the protdfeft) and if the antiquark comes from
Z production the proton(right). The thick arrows indicate the orientation of the
B (Gev B (Gev foe particle spins.
’ -3 -3
MRSA’ [35] 3.6x 1073 8.6x 1073 0.207 the W rest frame. The spin of thé/ points along the direc-
CTEQ3M[42] 3.3x10 8.7x 10 0.203

tion of the incoming antiquark. Most of the time the quark
comes from the proton and the antiquark from the antiproton,
so that\ = — 1. Only if both quark and antiquark come from
the sea of the proton and antiproton is there a 50% chance
that the quark comes from the antiproton and the antiquark
from the proton and in that case=1 (Fig. 18. We deter-
mine the fraction of sea-sea interactiomg, using the pa-
rametrizations of the parton distribution functions given in
FLIB [38].

When O(«a) processes are included, the boson acquires
finite pr and Eq.(29) is changed t439]

CTEQ2M[43] 8.8x1072 0.203
MRSD-"' [44] 3.8x10°3 9.6x1073 0.201

the parton luminosity. To evaluate it we generate-ev
events using theilErwIG Monte Carlo event generatf87],
interfaced withpDFLIB [38], and select the events subject to
the same kinematic and fiducial cuts as for eand Z
samples with all electrons in the CC. We plot the mass specF-’D
trum divided by the intrinsic line shape of th& boson. The
result is proportional to the parton luminosity, and we pa-
rametrize the spectrum with the functipb2]

g
o BQ T cos fg L1+ ealdr)cos st a,(G7)c0S fcq]

L= (28) (30

Table 1ll showsg for W and Z events for some modern . . . . :
parton distribution functions. The value gfdepends on the The angledcsin Eq. (30) is now defined in the (_Zollms-Soper
rapidity distribution of theW bosons, which is restricted by T@me[40]. The values ofx; anda; as a function of trans-
the kinematic and fiducial cuts that we impose on the decay€'Se boson momentum have been_calculate(d(atﬁ) [39]
leptons. The values g8 given in Table IIl are for the rapid- and are shown in Fig. 19. We have implemented the angular
ity distributions ofW andZ bosons that satisfy the kinematic distribution given in Eq(30) in the fast Monte Carlo model.
and fiducial cuts given in Sec. IV. The uncertaintygnis ~ The effect is smaller if theV bosons are selected withy
about 0.001, due to Monte Carlo statistics and uncertainties' 15 GV rather than four<30 GeV. The angular distribu-
in the acceptance. tion of the leptons fronZ —ee decays is also generated ac-
To generate the boson four-momenta, we tr@atdQ  cording to Eq(30), but witha; anda, computed foZ—ee
andd2o/dqZdy as probability density functions and piek ~ decays39]. _ _
from the former and a pair of andgy values from the latter. To check whether neglecting the correlations between the
For a fractionf. we used?s/dgZdy for interactions be- Mass and the other parameters in EZp) introduces an un-
tween two sea quarks. Their helicity 4s1 or —1 with equal gertalnty, vlved_use r;[he'ERW:G 'programl to gc?neratWHgvl
orobability. For the remaining¥ bosons we usd2a/dgZdy ecays including the correlations neglected in our model. We

for interactions involving at least one valence quark. They

always have helicity-1. Finally, we pick thez position of S2
the interaction vertex from a Gaussian distribution centered [
atz=0 with a standard deviation of 25 cm and a luminosity 15
for each event from the histogram in Fig. 17. I

for W* bosons with\=—1 and after integration oved.

C. Vector boson decay

At lowest order théV boson is fully polarized along the

beam direction due to th&-A coupling of the charged cur- 05F

rent. The resulting angular distribution of the charged lepton [

in the W rest frame is given by ol e
o(1—\q cos 6*)2, (29

".I.. saaadaras N T TR TTE FUTTA FETEE FWwTe e
05516203040 50 60 70 80 90 100
qr (GeV)

d cos 6*

where\ is the helicity of thew with respect to the proton

direction, g is the charge of the lepton, aritf is the angle FIG. 19. Calculations ofr, (solid line) anda, (dashed lingas
between the charged lepton and proton beam directions ia function of the transverse momentum of iveboson.
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function of AR(ey). The shaded histogram in the figure
shows the photons that are reconstructed as separate objects.
If the photon and electron are close together, they cannot be
separated in the calorimeter. The momentum of a photon
with AR(ey) <R, is therefore added to the electron momen-
tum, while for AR(ey)=R,; a photon is considered sepa-
rated from the electron and its momentum is added to the
recoil momentum. We us®,=0.3, which is the approxi-
mate size of the window in which the electron energy is
measured. This procedure has been verified to give the same
results as an expliCiISEANT simulation of radiativeW de-
cays. In only about 3.5% of th&/—evr decays does the
photon separate far enough from the electron, A&(evy)
E ;-e >Ry, to cause a mismeasurement of the transverse mass.
02 0406 08 1 1214 16 1.8 2 W boson decays through the chankél- rv—evvv are
AR(ev) topologically indistinguishable fromW—evr decays. We
therefore include these decays in thedecay model, prop-
FIG. 20. Distribution ofAR(ey) of photons fromW—evy de-  erly accounting for the polarization of theleptons in the
cays that are reconstructed as separate objsbeded argaand  decay angular distributions. The fraction ¥ bosons that
those that are not, either b_ecause they are too close to the electragcay in this way i8(7—evv)/[1+B(7—evv)]=0.151.
or too low in energy(solid lin). We let the generatetlV bosons decay with an angular
distribution corresponding to their helicity. For 15.1% of the
determine all the input distribution@V boson line shape, y bosons, the decay is tov—evvy. For 30.6% of the

differential cross section ipr andy, and parton luminosity  remainingW bosons, a photon is radiated. For 66% of e
from these events. We then feed these into our simulatiomsons, the decay is te* ey and for the remainder to

This generates events with the dynamics asiERWIG, but  g+g—

without correlations between these input distributions. Alter-

natively, we directly feed the events generatedHERWIG

into our simulation and only apply the parametrized detector D. Detector model

model. The results from fits to the transverse mass spectra of The detector simulation uses a parametrized model for

these two samples differ by less than®1%6 MeV. The un-  response and resolution to obtain a prediction for the distri-

certainty is due to the finite number of Monte Carlo events.pytion of the observed electron and recoil momenta.
Radiation from the decay electron or tiéboson biases  Wwhen simulating the detector response to an electron of

the mass measurement. If the decay electron radiates a phénergyE,, we compute the observed electron energy as
ton and the photon is well enough separated from the elec-

tron so that its energy is not included in the electron energy E(e)=agmEo+ AE(L,u)) + oem- X, (32
or if an on-shellW boson radiates a photon and therefore is

off shell when it decays, the measured mass is biased loWyhere o, is the response of the electromagnetic calorim-
We use the calculation of Refdl] to generateW—evy  oter AE is the energy due to particles from the underlying
decays. The calculation gives the fraction of events in whichy,en within the electron windogparametrized as a function

a photon with energ§(y)>E, is radiated, and the angular s |yminosity £ andu,), ogy is the energy resolution of the
distribution and energy spectrum of the photons. Only radiag|ectromagnetic calorimeter, adds a random variable from
tion from the decay electron and th boson, if the final 5 5rmal parent distribution with zero mean and unit width.
stateW is off shell, is included to ordes. Radiation by the The transverse energy measurement depends on the mea-
initial quarks or theW, if the final W is on shell, does not - g\;rement of the electron direction as well. We determine the
affect the mass of thew pair from theW decay. We use a gnower centroid position by intersecting the line defined by
minimum photon energiz,=50 MeV, which means thatin  {he event vertex and the electron direction with a cylinder
30.6% of allW decays a photon witk(y)>50 MeV is ra-  coaxial with the beam and 91.6 cm in radidise radial cen-
diated. Most of these photons are emitted close to the elega; of the EM3 layer. We then smear the azimuthal ard
tron direction and cannot be separated from the electron iggorginate of the intersection point by their resolutions. We
the calorimeter. FOZ — eedecays there is a 66% probability getermine thez coordinate of the center of gravity of the
that any one of the electrons radiates a photon W)  cDC track by intersecting the same line with a cylinder of 62

arbitrary units
=

—
[=-]

>50Mev. _ cm radius, the mean radial position of all delay lines in the
The separation of the electron and photon in the laboracpc, and smearing by the resolution. The measured angles
tory frame is are then obtained from the smeared points as described in
Sec. IVB 1.
AR(ey)=\[d(e)— (v °+[n(e)—n(y)]>. (31) The model for the particles recoiling against théhas

two components: a “hard” component that models fhe
Figure 20 shows the calculated distribution of photons as af theW and a “soft” component that models detector noise
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FIG. 21. Distribution ofz,,,(e1) — z,(€,) for theZ—eesample FIG. 22. Transverse energy flow into<b tower segments as a
(@) and the fast Monte Carlo simulatigsolid line). function of azimuthal separation from the electron in tisample.

and pileup. Pileup refers to the effects of additiopalin-  where \(e)=|6(e)—90°|, a=0.33 cm, b=5.2x10"3 cm,
teractions in the same or previous beam crossings. For the=4.2x10"%, andd=7.5x10"°. We then tune the resolu-
soft component we use the transverse momentum bafince tion function for z,, in the fast Monte Carlo simulation so
from a minimum bias event recorded in the detector. Thehat it reproduces the shape of thg,(e;) —z,(€,) distri-

observed recoipy is then given by bution observed in the data. We find that a resolution func-
R - . tion consisting of two Gaussians 0.31 and 1.56 cm wide,
Ur= _(RreﬂTJr‘Trec'X)QT_AUH(E'UH)pT(e)“L“mbﬁT(é?’) with 6% of the area under the wider Gaussian, fits the data

well. The histogram in Fig. 21 shows the Monte Carlo pre-
iction for the best fit, normalized to the same number of
events as the data. TM¥§ mass measurement is very insen-
sitive to these resolutions. The uncertainties in the resolution
parameters cause less than 5 MeV uncertainty in the fitted

whereqy is the generated value of the boson transverse m
mentum, R, is the (in general momentum-dependeme-
sponseo e is the resolution of the calorimeteAu, is the
transverse energy flow into the electron winddgparam-
etrized as a function of luminosity and|), a